Vertebrate organogenesis partly depends on a series of reciprocal interactions between epithelial cells and adjacent mesenchymal cells, resulting in the morphological transformation of one or both layers. The epithelial cells can originate from ectoderm, mesoderm, or endoderm, whereas mesenchymal cells derive from the mesoderm or neural crest (1) . When the epithelial layer is of ectodermal origin, the structures generated are those in contact with the outer surface of the body, examples of which are mammary glands, teeth, part of the inner ear, hair follicles, and the limbs.
Our work has focused on the regulation and expression of the Xenopus Xdll-2 gene and the mouse Dlx-3 gene, which encode homeodomains similar to that of the Drosophila Distalless gene that is required for the formation of the distal region of the leg and sensory appendages in the insect head (2, 3) . Xdll-2 and Dlx-3 are part of a family of genes, some of which have exhibited localized expression in the ventral forebrain in Xenopus and mice (4) (5) (6) (7) (8) (9) (10) . Xdll-2 is activated in the ventral ectoderm of the early frog gastrula and continues to be transcribed in adult skin (9) . The mouse homolog of Xdll-2, Dlx-3, has been recently characterized and is the only member of the mouse Distal-less family described to date whose expression has not been detected in the central nervous system (11) . Dlx-3 is expressed in the first and second branchial arches and in a subset of their mesectodermal derivatives, the matrix cells of the whisker follicles, epithelium of the utricle and the semicircular canals of the inner ear, the ameloblast and odontoblast layers in tooth buds, and later in development in stratified skin (11, 12) . Here we present data showing additional sites of expression in the genital tubercle, mammary gland primordia, limbs, and fungiform papillae of the tongue.
Other members of the mouse Distal-less family, Dlx-1, Dlx-2,
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Dlx-5, and Dlx-6, are also expressed in the developing limbs (10, 13, 14) .
Experiments with gene transfer between mammals and Drosophila (15, 16) have shown that certain features of regulatory cascades that determine the tissue-and developmentspecific expression of homeodomain genes exhibit extensive evolutionary conservation. We previously reported the conserved epidermal-specific regulation of the Xdll-2 gene in early frog embryos and mouse basal keratinocytes (12) and have now extended these studies to the intact mouse embryo. We have found that a lacZ reporter regulated by 470 bp of upstream Xdll-2 DNA is expressed in transgenic mice in a pattern that closely mimics that of mouse Dlx-3 in the ectodermal component of structures derived from epithelialmesenchymal interactions. Importantly, expression is also detected in cutaneous structures that are absent in the frog, such as the hair follicle and the mammary gland.
MATERIALS AND METHODS
Whole-Mount in Situ Hybridization. Mouse embryos were obtained by superovulating FVB/N females by administration of gonadotrophins. Plugs were checked the morning after mating, and this point was taken as embryonic day 0.5 (EO.5). Embryos were staged according to Rugh (17) .
The procedure for whole-mount in situ hybridization was adapted from Wilkinson and Nieto (18) . To promote probe penetration without damage to the surface ectoderm, fixed embryos were treated with proteinase K at 1 j,g/ml for 5-10 min at room temperature (L. Sumoy, personal communication). Antisense digoxigenin-labeled probe was prepared by in vitro transcription of a linearized mouse Dlx-3 cDNA construct (11) with an RNA-labeling kit from Boehringer Mannheim. A similarly prepared sense Dlx-3 probe was used as a negative control for the in situ hybridizations and no detectable signal was present in any tissue. Alkaline phosphatase-conjugated anti-digoxigenin antibodies and the 4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate reagents used to develop the reaction were also from Boehringer Mannheim.
Transgenic Construct and Mice. A lacZ reporter construct was made by subcloning an EcoRI-Sma I fragment derived from the pNL vector (19) , containing the nuclear targeting signal from the simian virus 40 (SV40) large tumor (T) antigen, the Escherichia coli ,B-galactosidase gene (lacZ), and the SV40 poly(A) t-splicing region, into pBluescript II SK (Stratagene). A 970-bp upstream element from the Xdll-2 gene (12) was inserted into the Sma I site. This construct underwent a spontaneous deletion which removed 485 bp, from -311 to Abbreviations: AER, apical ectodermal ridge; En, embryonic day n; RT, reverse transcription.
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-795 relative to the start of transcription (12) , generating the 470-bp element used in these experiments. Transgenic mice were generated according to Hogan et at (20) and were assayed at various developmental stages for the expression of the reporter (lacZ).
,B-Galactosidase Staining and Sectioning. The f3-galactosidase reaction was done according to Sanes et at (21) , with minor modifications: (i) the reaction was performed at 30°C overnight instead of 37°C, which considerably reduced the background, especially in embryos older than E13.5; (ii) the 5-bromo-4-chloro-3-indolyl ,(3-D-galactopyranoside (X-Gal) was resuspended in dimethylformamide; and (iii) only the detergent Nonidet P-40 was included in the reaction mixture. X-Gal-stained embryos were embedded in paraffin and sectioned (10 ,um) .
Reverse Transcription (RT)-PCR. Total RNA was extracted by the guanidinium thiocyanate/phenol method (22) and, after a selective precipitation with LiCl, was treated with RQ1 RNase-free DNase (Promega). The RNA from limb proximal-middle-distal fractions was precipitated by using 10 jig of Xenopus oocyte RNA as carrier. Equal amounts of sample were used in a RT reaction, done with sequencespecific primers for the keratin 5 (K5) transcript, 5'-CTGCAAGACCCTGGTCCTCAC-3', and Dlx-3, 5'-CGC-CCAAGTCGGAATATACC-3', using a Perkin-Elmer thermostable rTth reverse transcriptase RNA PCR kit. The amplification was done with these primers and reverse primers for each sequence: K5, 5 '-TGGACAGACTCTGGAG-GAAGT-3' and Dlx-3, 5'-CCTGCTGGGGTGGTTGAGGA-3'. In this reaction mixture dATP, dTTP, and dGTP were at 200 ,uM and unlabeled dCTP was at 25 ,uM. Each reaction mixture was supplemented with 2 ,tCi of [a-32P]dCTP (1 , uCi = 37 kBq). PCR parameters included denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 2 min. Twenty cycles were used to amplify the K5 sequence and 30 cycles for Dlx-3. These conditions were shown to be in a linear range by titration with increasing amounts of input sample (data not shown). The radioactive products for K5 and Dlx-3 were resolved in a 6% sequencing gel, dried, and exposed at -70°C overnight with an intensifying screen. The bands for each sample were quantified in a Molecular Dynamics Phosphorlmager.
RESULTS

Additional Sites of Expression of DIx-3 in Early Mouse
Embryos. Expression of Dlx-3 has been recently characterized (11) . Here we report additional sites of expression detected by a modified whole-mount in situ hybridization protocol that C optimizes detection of signal in surface epithelium: limb buds, genital tubercle, fungiform papillae, and mammary gland primordia. Limb bud expression was detectable from E9.5 onwards, beginning primarily in the superficial apical part of the forelimb, preferentially toward the posterior and ventral surface ( Fig. 1A ; open arrowhead). At E11.5, the pattern of Dlx-3 expression remained similar and could be specifically seen throughout the AER, again at a higher level toward the posterior side (Fig. 1B) . In both stages (ref. 11 and Fig. 1B) , the expression of Dlx-3 was seen in the first and second branchial arches. At E13.5, Dlx-3 RNA was found in the remnant of the AER (23) and between the presumptive digits (Fig. 1C) , and by E14.5, Dlx-3 expression was faintly visible in the tips of the digits (data not shown). Another site of expression detected at E14.5 by whole-mount in situ hybridization was the genital tubercle (Fig. 1D) . Finally, Dlx-3 hybridization was also observed in the mammary gland epithelium (Fig. 1D ) and in the fungiform papillae of the tongue (Fig. 1E) .
Xdll Expression was also detected in the ventral ectoderm in the area in between the limbs and on the ventral surface of the tail ( Fig. 2A) . No expression was detected elsewhere on the body of the embryos. Expression was absent in the branchial arch mesenchyme, which is a site of expression of the Dlx-3 gene (ref. 11 and Fig. 1 ) and also of the frog homolog, Xdll-2 (9). By E14.5, f3-galactosidase activity was detected in a graded pattern in the limbs (Fig. 2B) , present in higher amounts toward the most distal ends, and on both ventral and dorsal sides. At this stage the expression could also be seen in the nostrils and in hair follicles (vibrissa) on the upper lip and in one follicle over the eye (Fig. 2 B and C) , sites that normally express Dlx-3 (11) .
lacZ expression was also found in the genital tubercle ( Fig.  2 D and M) , in a pattern that resembles what was observed by in situ hybridization (Fig. 1D) . The reporter gene was also expressed at this stage in tail epidermal cells (Fig. 2 D and N) , and in all five pairs of mammary gland primordia (Fig. 2E) . At E14.5 the mammary glands are present in both male and female embryos.
By removing the snout area, expression could be detected in the fungiform papillae of the tongue (Fig. 2F , open arrowhead) and in tooth primordium (Fig. 2F, arrows) . At E14. there are multiple fungiform papillae, dispersed dorsally and laterally on the oral surface of the tongue. These taste-budbearing papillae become visible at E14 in rows parallel to the median sulcus. The tooth primordia appear as local thickenings of the epithelium by El1. In Fig. 2F , lacZ expression can be seen in the oral ectoderm above the tooth primordium.
Ectopic expression was detected in only two out of the nine transgenic embryos analyzed. Expression was seen in the dorsal midline in one E10.5 transgenic embryo and in the otic vesicle in another. In both cases the limb bud expression pattern was identical to other embryos. The rest of the embryos also expressed the reporter identically, with variation only in the signal intensity, probably reflecting differences in copy number or integration sites.
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.z. e.r-Interactions. Paraffin sections of E10.5 and E14.5 embryos were examined to further localize the sites of expression. Sections along the trunk area of E10.5 transgenic mice showed that the expression detected in the limb buds was predominantly restricted to the AER (Fig. 2G) . Longitudinal sections through E14.5 forelimb showed the epidermal specificity at this stage as well (Fig. 2H) . At higher magnification (oil immersion), expression at E14.5 was detected in both the basal cells and the periderm (data not shown). No expression was found in mesenchyme or in developing skeletal structures.
Coronal sections of the head showed expression in tooth buds and in fungiform papillae of the tongue (Fig. 21) . Expression was evident in the oral epithelium adjacent to the tooth bud and in the enamel epithelium. The diffuse signal above the tooth bud was probably due to leaching stain during the embedding and sectioning procedure. j-Galactosidase activity was also readily detectable in the nasal epithelium (data not shown) and in the whisker follicles (Fig. 2J) . The cells expressing lacZ in the follicles are the epithelial hair matrix cells which give rise to the differentiated hair or inner root sheath cells (24) . As with Dlx-3 (11) , no transgene expression was seen in the dermal papilla cells. More posterior coronal sections of the head also revealed expression in the inner ear (Fig. 2K) , specifically in the epithelium of the semicircular canals (25) . Endogenous Dlx-3 RNA was observed in this tissue at earlier stages but was undetectable by E14.5 (11) . The persistence of j3-galactosidase activity at this stage may reflect the relative stability of the LacZ protein compared with the Dlx-3 mRNA, as well as the greater sensitivity of ,B-galactosidase detection compared with in situ hybridization.
Cross sections were made through the bottom trunk area of E14.5 transgenic mice, and expression was detected in the invaginating epidermal component of the mammary gland primordium (Fig. 2L) , the epidermal layer of the genital tubercle (Fig. 2M) , and the epidermal layer of the tail (Fig.  2N) . In the tail, expression was also found in a group of cells surrounding the caudal artery (Fig. 2N) . This was presumably not due to transgene activity, as these cells exhibited p-galactosidase activity in nontransgenic control animals (data not shown).
Proximodistal Expression of Dlx-3 in the E14.5 Limb. Except for faint hybridization in the tips of the digits (data not shown), Dlx-3 mRNA could not be detected by whole-mount in situ hybridization in E14.5 limbs. To aid in comparing the patterns of proximodistal expression of Dlx-3 and the transgene, RT-PCR was carried out on three dissected limb segments: proximal, middle, and distal (Fig. 3A) . RT-PCR was done with primers for Dlx-3 and for the mRNA encoding the basal keratinocyte-specific keratin K5, generating products of 510 bp for Dlx-3 and 336 bp for KS. The highest expression of Dlx-3 was detected in the distal part of the E14.5 limb, decreasing toward the proximal segment (Fig. 3B) . The same fractions were used to measure KS expression levels, which were similar throughout the limb. Since KS is epidermis-specific, the ratio of Dlx-3 to K5 signal is proportional to Dlx-3 expression per epidermal cell. These ratios (Fig. 3C ) illustrate a marked proximodistal expression pattern in the E14.5 limb.
DISCUSSION
Using in situ hybridization and dissection RT-PCR assays, we have shown that the mouse Dlx-3 gene is expressed in the genital tubercle, distal limb, mammary gland, and fungiform papillae. These sites are in addition to the others previously described (11) . With the notable exception of branchial arch mesenchyme and its derivatives, the 470-bp Xenopus Xdll-2 regulatory element closely mimics this expression pattern in transgenic mouse embryos. The absence ofXenopus promoter activity in the mesenchyme of branchial arch, middle ear, mandible, nasal capsule, and odontoblasts suggests the exis- tence of a separate element, missing on the 470-bp sequence, that includes one or more specific enhancers for these neural crest cells and derivatives.
One common thread in all of the sites in which the frog promoter-driven transgene is expressed is that each positive cell type is from an epithelium which is both derived from ectoderm and involved in an inductive interaction with adjacent mesenchymal cells. Other instances of epithelialmesenchymal interaction in which the epithelial component is derived from endoderm (e.g., gut, pharyngeal, and respiratory organs) or mesoderm (e.g., kidney) are sites where neither the endogenous D&x-3 nor the transgenic construct was active.
The high level of Xdll-2 promoter activity in the fetal epidermis is interesting. In neonatal skin, Dl&-3 mRNA is present in stratified, suprabasal cells and is not found in basal keratinocytes (12) , yet the transgene clearly shows expression in basal cells as well as in the periderm layer in the limbs of E14.5 embryos. This result is consistent with recent findings by Fuchs and coworkers (26) regarding fetal expression in these two cell types of other epidermal genes, including basalspecific keratin KS and the transcription factor AP-2. Their general conclusions, which fit well with our observations, are that the periderm is derived by ectodermal stratification, and the expression of epidermal markers correlates with proliferative capacity or differentiation, rather than physical stratification per se. These results imply that the pattern of gene expression in fetal skin is not simply an earlier version of what happens in the neonate or adult stratified epidermis. It is also noteworthy that the transcription factor AP-2 is expressed in a subset of the sites described for Dlx-3/Xdll-2: hair follicle, limbs, and skin (26) . Furthermore, two homeodomain genes, Msx-l and -2, also have a pattern of expression in epithelialmesenchymal structures that overlaps with that of Dlx-3 (27) (28) (29) (30) (31) . This similarity in expression pattern ofDlx, Msx, and AP-2 genes raises the possibility of regulatory interactions among these genes.
The distal expression of Dlx-3 in the limb suggests a possible role for this gene in establishing the proximodistal pattern of these structures. Other homeodomain genes have been implicated in aspects of limb patterning. For example, Hox genes are expressed in both anteroposterior and proximodistal gradients in the vertebrate limb, analogous to the pattern found in other body axes (32) (33) (34) . There is direct evidence that such overlapping Hox gene domains are involved in patterning of the main body axis (35, 36) , and a similar relationship to limb patterning can be inferred.
It is remarkable that the frog regulatory sequence is active in the mouse embryo not only in anatomically homologous structures such as limbs, inner ear, teeth, and taste buds but also in tissues that have no counterpart in the amphibian-i.e., hair follicles and mammary primordia. This suggests that during the evolution of species, regulatory circuits appear very early, are extremely stable, and are furthermore used repeatedly in the subsequent evolution of structures peculiar to newly arisen species. While this is not a new idea, having been advanced several years ago in light of the parallels between HOM-C expression in Drosophila and Hox gene activity in vertebrates (34) , our results reveal a significant extension of this principle from the process of general body axis formation to the differentiation of specific tissues.
